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Abstract 

Previous studies have shown different tissue types and manifestations of diseases 

result in different X-ray diffraction (XRD) signatures. Earlier efforts by our group have 

demonstrated the uses and benefits of XRD imaging of thin tissue samples; however, 

additional questions remain about the ability for XRD-based tissue analysis to provide 

useful and quantitative data for thicker samples. Thicker samples, up to several 

centimeters, are representative of real diagnostic scenarios and freshly excised 

biospecimens in need of further analysis. The goal of our new experimental set-up is to 

demonstrate that there is a useful signal in XRD imaging that can be extracted from a 

target composed of thicker materials. My testbed system uses a pencil beam and a Kromek 

D-matrix detector. This detector has a 2D array, which allows for energy independent and 

angle dispersive XRD measurements with a very short acquisition time. Theoretical 

calculations utilizing Beer’s law are compared to my experimental measurements. The 

results show the impact of self-attenuation and scatter on signal strength for narrow (10 

mm x 10 mm) and wide (50 mm x 50 mm) biologically relevant phantom of varying 

thicknesses. Ultimately, this new system will provide quantitative and experimental 

results to support future studies on in-vivo and ex-vivo XRD diagnostic techniques in the 

medical community. 
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1. Introduction 

Cancer can modify the structure of extracellular matrices, bone mineral compositions, 

and collagen [1]. Transmission based X-ray medical imaging modalities have traditionally 

been employed to assist clinicians in the diagnosis of various illnesses and diseases. 

Transmission-based imaging methods rely on the different attenuation of tissues to 

produce an image. Despite the usefulness of X-ray based medical imaging, identifying 

cancerous tissue from non-cancerous tissue remains difficult due to the similarity of 

attenuation factors and densities between health and unhealthy tissues [2]. At 

mammography relevant energies, the difference between the linear attenuation 

coefficients of cancerous and non-cancerous fibrous breast tissue is around 3% [3,4]. As a 

result, approximately 1.5 million breast biopsies are performed annually [5,6] and 75% of 

these biopsies yield benign histology [7]. This results in more trauma to the patient and 

unnecessary dose to the breast.   

Lumpectomies are a surgical procedure to remove cancer and abnormal surrounding 

tissue from the breast, but the inability to distinguish between cancerous and non-

cancerous in non-excised tissue may result in positive margins. Generally, studies have 

shown that positive margin rates can range from less than 10% to as high as 40%, 

depending on the type of cancer and other factors [8,9,10]. Furthermore, if radiologists 

and pathologists can detect lesions early when they are localized, patient outcome and 
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prognosis improve significantly. According to statistical data, patients who have early 

detection of localized lesions in breast tissue have a 99% chance of survival [11]. 

X-ray diffraction (XRD) is a technique used to study the structure of materials at the 

atomic and molecular level.  When a sample is exposed to a beam of X-rays, the X-rays 

interact with the atoms in the material, causing them to scatter in a unique pattern that 

can be analyzed through X-ray diffraction. This technique allows scientists to determine 

the molecular and atomic structure of the material, providing insights into its properties. 

Several studies have examined the efficacy and benefits of using X-ray diffraction 

technologies to aid in the diagnosis and identification of unique XRD signatures of healthy 

and cancerous tissues based on differences in their cellular structures [3, 12, 13, 14, 15]. 

While previous research by our group has shown the potential of XRD imaging for thin 

tissue samples, further investigation is needed to determine if XRD-based tissue analysis 

can provide reliable and quantitative data for thicker samples. 

The objective of my thesis is to demonstrate the practical value of XRD imaging by 

extracting a useful signal from a target composed of thicker material in a medically 

relevant scenario. Initially, I will delve into the significance of my research and past 

advancements. Afterwards, I will explain the physical occurrences of photon interactions 

and X-ray diffraction. Subsequently, I will state key results. Then, I explicate the 
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significance of the materials and methods employed in studying biologically relevant 

phantoms. Lastly, we will examine the ramifications of my analysis in greater detail.  

 

1.1 Motivation and Previous Work  

Our group is focused on developing XRD imaging technology that can lead to 

faster scan times and can be easily accessible in the clinical environment with limited to 

no sample preparation. Traditional pathology sample preparation requires 5 steps: 

1. Fixation, which serves to immobilize and permanently preserve a sample. 

Usually, this process is carried out by immersing a material in a formalin 

solution. 

2. The dehydrated sample is then embedded in a paraffin medium to carry out 

sectioning. 

3. Sectioning is performed and the sample is very thinly sliced for staining and 

microscopy purposes. 

4. Staining and Immunolabeling is used to increase contrast to be able to detect 

and label different biological materials. H&E staining provides important 

information about the pattern, shape, and structure of cells in a tissue sample, 

which helps diagnose diseases, such as cancer.  
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A pathologist sends a report to the doctor within 10 days of post biopsy or surgery. For 

ex-vivo pathology samples, XRD analysis may only require fixation and slicing, meaning 

the sample’s morphological pathology remains intact and allows specimens to be 

analyzed in real-time. 

Earlier efforts by our group have demonstrated the uses and benefits of XRD 

imaging of thin tissue samples (1-5 mm) and the ability to distinguish between different 

materials and disease signatures (figure 1).  

 

              Figure 1: Momentum transfer functions of different biological tissue [3]. 

 

 Also, our lab has developed an X-ray fan beam-coded aperture transmission and 

diffraction imaging system (Figure 2).  
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Figure 2: (a) Schematic of scanner (b.) XR3D System Configuration [13] 

 

The hybrid machine learning classifier-based transmission diffraction system 

provides both material and spatial information. A 98.94% global accuracy for determining 

the difference between normal and invasive carcinoma tissue in thin tissue samples was 

established [13]. 

 My analysis serves to determine limitations and constraints which exist in the XRD 

analysis of 3-Dimensional objects. My work focuses on the potential of improving an 

imaging system’s volumetric imaging performance with thicker objects for ex-vivo and 

potential in-vivo applications. In general, XRD analysis of thicker samples can be more 

challenging due to the increased complexity of the sample, which can result in more 

diffraction peaks and overlapping signals. As thickness increases, spatial and q 
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resolutions are impacted, and it is important to account for non-uniform self-attenuation 

with multiple scattering events. In terms of volumetric analysis, differentiating between 

different coherent signals as incoherent scatter increases is important to determining the 

boundaries of the types of specimens which can be analyzed. However, it is important to 

acknowledge my system cannot differentiate between scatter types or determine the 

origin of the scatterer but serves as a simple fundamental study to explore the general 

limitations of XRD analysis of thicker tissues. This information can be used to develop 

new diagnostic and treatment approaches, and to improve our understanding of the 

molecular and structural basis of disease. 

 

1.2 Photon Interactions  

 All X-ray imaging is based on the contrast generated by the interaction of X-rays 

with matter. The physics of this interaction provides different information about the tissue 

samples and is the basis of transmission and scatter imaging techniques. There are four 

main interactions between photons and matter, coherent scattering, photoelectric 

absorption, Compton scattering, and pair production. As shown in Figure 3, the likelihood 

and cross-sectional area of photon interactions vary with photon energy, and this energy 

range is critical to consider when analyzing relevant photon interactions that contribute 
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to an overall signal. For diagnostic purposes, the typical energy range for such purposes 

is between 10 keV and 150 keV [16]. 

 

 Figure 3: Photon cross section of a soft tissue [17] 

The energy range studied does not encompass pair production as it does not occur 

in this energy range. In this scenario photoelectric absorption is relevant as it is a main 

contribution to the attenuation of the beam through a material.  

Rayleigh scatter is a type of X-ray interaction where a photon changes direction 

after interacting with an electron, without causing any energy transfer, as the electron is 

not excited. Rayleigh scattering, a type of coherent scattering, is illustrated in Figure 4. 
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Figure 4: Schematic of Rayleigh Scattering [18]. The energy of the incoming     
photon is equal to the energy of the exiting photon. 

 

Coherent scattering is primarily for low energy photons and there are two classifications, 

Rayleigh scattering and Thomson scattering. In Rayleigh scattering, there is elastic 

scattering of light by all electrons in the atom. In Thomson scattering, there is only the 

elastic scattering of light by a single electron in the atom. Coherent scattering is the key 

mechanism behind X-ray diffraction. Since the scattering is coherent, the X-rays interfere 

constructively and destructively to produce a diffraction pattern with distinct peaks 

corresponding to the positions of the atoms in the crystal. 

On the other hand, Compton scattering is an inelastic scattering process wherein 

some of the photon’s energy is transferred to the electron during the interaction (as 

illustrated in Figure 5), causing the electron to gain kinetic energy.  
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Figure 5: Schematic of Compton Scattering [19] 

In the range of 30 keV to 24 MeV, Compton scattering dominates in soft tissue and 

is a significant interaction in imaging [20]. During X-ray diffraction experiments, the 

scattered X-rays may interfere with the coherent X-ray diffraction pattern, resulting in a 

background signal that can mask the diffraction peaks. 

 

1.2.1 Single and Multiple Scattering 

The interaction of a photon with matter can vary, with the photon either not 

interacting, interacting once, or interacting multiple times in a material. In thicker 

materials and at higher energies, both single and multiple scattering events can occur, 

contributing to the noise and coherent scatter signal in XRD measurements. Single 

scattering refers to the interaction of an incident X-ray photon with a single atom in the 

sample, which then scatters the photon in a particular direction (Figure 6a).   
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Figure 6: Schematics of single scattering and a photon not interacting (a) and 
(b.) multiple scattering. 

 

Multiple scattering, on the other hand, occurs when an incident X-ray photon 

interacts with an atom and is re-scattered from neighboring atoms (figure 6b). This most 

often occurs when the X-ray passes through a region of high electron density and at lower 

energies.  

As previously described, Coherent scattering is a type of small angle scattering 

process in which X-rays interact with atoms in a material, causing the X-rays to be 

deflected at small angles without any change in their wavelength.  In single scattering 

events, the angle of the deflected photons is relatively large, which can contribute to noise 

rather than the coherent signal. However, in multiple scattering events, the small 

deflections can give rise to Rayleigh scattering, but can also contribute to noise in the 

signal. It is therefore important to understand the roles that both single and multiple 
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scattering mechanisms play in X-ray diffraction in thicker materials, to accurately 

interpret experimental data. 

 

1.3 X-ray Diffraction 

 In 1912, Max von Laue observed the interference patterns of X-rays passing 

through a crystal, marking the beginning of X-ray diffraction. William H. Bragg and 

William L. Bragg were subsequently awarded the Nobel Prize in Physics in 1915 for their 

mathematical explanation of the relationship between the wavelength of X-rays and 

corresponding spacings between the atoms in crystals. Bragg’s law is a fundamental 

principle that describes how X-rays interact with crystals to produce a pattern of 

diffraction. It states when a beam of X-rays is directed at a crystal, the X-rays will be 

scattered by the atoms in the crystal, and constructive interference will occur when the 

path length difference between the two waves is an integer multiple of the wavelength of 

X-rays. This relationship is, 

 

       𝑛𝑛𝑛𝑛 = 2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(Ɵ)               (1) 

 

Where n is an integer, 𝛌𝛌 is the wavelength of the X-rays, d is the spacing between adjacent 

crystal lattice planes, and θ is the angle of the incidence of the X-rays with respect to the 
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crystal lattice planes. According to Bragg's law, diffraction peaks will appear in the X-ray 

diffraction pattern when the angle of incidence θ and the spacing between the crystal 

lattice planes d satisfy the above equation. By analyzing the positions and intensities of 

these diffraction peaks, valuable information can be obtained about the atomic structure 

and composition of the crystal. 

Coherent x-ray scatter involves the interaction between the electric field of an X-ray and 

the distribution of electron charges within a material. When X-rays are elastically scattered 

by a charge center, the resulting scattering field interferes with the scatter originating from 

other centers within the coherence volume of the X-rays. This interference leads to the 

imposition of spatial structure on the scatter distribution.  

 According to the principles of coherent scattering, the likelihood of a photon 

undergoing scattering within a crystalline atomic lattice is determined by the energy of 

the photon and its differential scatter cross section [21]. The differential scatter cross 

section is calculated as the ratio of the total number of scattered particles within a given 

solid angle. The differential scattering cross section is defined as, 

 

𝑑𝑑𝜎𝜎𝑐𝑐𝑐𝑐ℎ(𝐸𝐸)
𝑑𝑑Ω

= 𝑟𝑟2𝑒𝑒
2

[1 + 𝑐𝑐𝑐𝑐𝑐𝑐2(𝜃𝜃)]𝑓𝑓(𝑞𝑞)                                  (1.1) 
 

 
where 𝑟𝑟𝑒𝑒 is the electron radius and 𝜃𝜃 is the deflection of the X-ray. 𝑓𝑓(𝑞𝑞)  is the structure. 
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factor, which is unique to a material. The scattered X-ray distribution relies on the 

structure sensitivity and is the reason materials can be distinguished from each other and 

have a unique momentum transfer function f(q). The form factor is an essential 

parameter in X-ray diffraction analysis because it provides information on the positions 

and relative arrangements of atoms in a crystal lattice. The shape and magnitude of the 

form factor determine the intensity and distribution of diffraction peaks in the X-ray 

diffraction pattern, which can be used to determine the crystal structure and composition 

of a material.  

X-ray diffraction is limited by the degree of long-range order in the crystal lattice, which 

can affect the diffraction pattern and the accuracy of the results obtained from XRD. The 

directions in which constructive and destructive interference occurs are also important, as 

they can affect the intensity and shape of the diffraction peaks. These limitations are 

described by an expansion of Bragg's law (Eq. 1.2), which is the fundamental principle 

that governs X-ray diffraction, 

        𝑞𝑞 = 1
2𝑑𝑑

= 𝐸𝐸
ℎ𝑐𝑐

 ×  𝑠𝑠𝑠𝑠𝑠𝑠 �𝜽𝜽
𝟐𝟐
�                   (1.2) 

where q is the momentum transfer function corresponding to the target and the scattered 

photon, d is the interplanar spacing, E is the energy of the incoming photon, h is plank’s 

constant, and c is the speed of light.  
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As illustrated in Figure 7, XRD measures the intensity distribution of the scattered 

X-rays directly interacting with the material.  

 

 

Figure 7: Energy-dispersive XRD representation of a spectrally broadband 
beam interacting with an object and giving rise to scatter from a potentially unknown 

location. A set of collimators enable the detector to measure scatter from a single 
angle so the form factor can be related to the energy-dependent intensity of the 

scatter.  [21] 

 

The unique interplanar spacings in the material lead to varying intensities based 

on the constructive and destructive interference of the scattered photons, resulting in 

peaks observed in the XRD pattern, or the momentum transfer function, q. Although 

traditionally used to characterize crystalline structures, XRD can also be utilized in 

studying amorphous, or non-crystalline materials.  
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1.4 X-ray Diffraction in Biologic Materials  

The XRD patterns of crystalline materials exhibit sharp and well-defined peaks 

due to the regular and ordered arrangement of atoms or molecules in their lattice 

structure. Figure 8 displays an XRD pattern of an aluminum powder sample, which has a 

crystalline structure.  

 

 

 

Figure 8: Diffraction Pattern of crystalline Aluminum Powder collected using 
Bruker D2 Phaser 

         

In contrast, XRD patterns of amorphous materials, such as glasses and polymers, 

do not exhibit sharp peaks (Figure 9). This is because amorphous materials lack long-

2Ɵ 
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range order, and their atomic or molecular arrangements are disordered and random. As 

a result, the X-rays scatter in many directions, leading to a broad hump in the XRD pattern 

rather than distinct peaks.  

 

Figure 9: Momentum Transfer Function of Amorphous Material, Polylactic 
Acid 

 

Amorphous materials have short-range order, or an average atomic spacing. Meaning 

there is a regular and predictable arrangement of atoms over a short distance (every one 

or two atomic spacings).  For non-crystalline structures, in equation 1.2, the interplanar 

spacing, d, is an average atomic spacing, or effective lattice spacing of the material.  
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1.5 Key Results of Study  

A useful X-ray diffraction signal can be extracted from materials up to a thickness 

of at least 3 cm.  This indicates the potential for analyzing thicker excised biospecimens in 

ex-vivo analysis. However, further studies are required to better understand the 

complexities of interactions involved in imaging thicker samples in-vivo.  

 Studies focused on analyzing the entirety of the scattering signal and were 

compared against a simple theoretical interpretation of the scatter strength. Results 

suggest geometry of the target plays a key role in determining the overall signal and 

cannot be simply defined as a 1-Dimentional path length variable. 

Interpretations based on understanding the theoretical curves and physics behind 

probability of cross sections, suggest higher rates of self-attenuation in wider and thicker 

samples, compared to smaller and thinner samples. Experiments indicate attenuation 

plays less of a role in thinner materials for both narrow (10 mm x 10 mm) and wide (50 

mm x 50 mm) phantoms than expected.  Multiple scattering dominates single scattering 

at lower energies and greater thicknesses. However, this experimental system is unable to 

differentiate whether the scattering is contributing to the XRD signal or background noise. 

This becomes more of an issue past 3 cm, highlighting the need for more complex and 

relevant studies. Overall, the theory serves as a good baseline to interpret the significance 

of different interactions and their contributions to the overall scattering signal. 
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2. Theoretical Interpretation of Scatter Signal Strength  

To comprehend the influence of various photon interactions and multiple 

scattering on the XRD signal at different energies and thicknesses, it is crucial to establish 

a reference point for comparing experimental results.  The strength of the scatter signal is 

defined as,               

 

                                  I(𝐸𝐸) = 𝐼𝐼𝑜𝑜(𝐸𝐸)𝑇𝑇𝜎𝜎𝑐𝑐𝑐𝑐(𝐸𝐸)𝜌𝜌𝑒𝑒−𝜌𝜌𝜌𝜌𝜇𝜇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝐸𝐸)                 (2.1) 

                                 

Where 𝐼𝐼𝑜𝑜 is the known relative intensity of the incoming beam, I is the intensity of the 

beam after interacting with the material, 𝑇𝑇 is the thickness of the material and 𝜌𝜌 is the 

density of the material. The terms,  𝜎𝜎𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 and 𝑢𝑢𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 are the coherent scattering cross 

section and total attenuation coefficient respectively.  

Information on the scattering and absorption of photons for different elements and 

compounds are provided by NIST’S XCOM database. Their program generates partial 

and total cross sections and attenuation coefficients for incoherent scattering, coherent 

scattering, photoelectric absorption, and pair production in atomic nucleus and atomic 

electrons fields [22]. Partial and total mass interaction coefficients are the product of the 

cross sections and the number of electrons generated per unit mass of the material. Figure 

10 displays the relevant cross sections of polylactic acid (PLA), and the values used to 



 

19 

 

generate the theoretical curves. Since phantoms were developed using PLA, all theoretical 

curves and cross sections shown will pertain to such.  

 

Figure 10: NIST Cross sections of PLA [22] 

 

Intensity signals were compared relative the optical density of the material given by,  

 

                 𝑂𝑂𝑂𝑂(𝐸𝐸) =  𝜌𝜌 ∗ 𝑇𝑇 ∗ 𝜇𝜇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇(𝐸𝐸)        (2.2) 

 

Where 𝐸𝐸 is the energy,  𝜌𝜌 is the density of PLA, 1.24 𝑐𝑐𝑐𝑐
𝑔𝑔

3
, T is the thickness of the 

material, and  𝜇𝜇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇,  is the total attenuation coefficient. Optical density is the ability of 
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a material to transmit light. It is determined relative to the absorption of the material at a 

specific energy. It is a metric used clinically to measure how much a material attenuates 

the intensity of light passing through it.  As thickness increases, the optical density of a 

material will increase and the speed at which a wave moves propagates through an object 

will decrease. Essentially, optical density scales the geometrical thickness by the density 

of the material and the properties of light when interacting with matter.  

By means of equation 2.2, one can anticipate a typical shape corresponding to a 

particular energy. The illustration presented in Figure 11 represents the general shape of 

the theory at 60 keV. 

 

 

Figure 11: Theoretical curve of scatter signal vs. Optical Density of PLA at 60 keV  
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It is important to recognize the theoretical curves are founded on single scatter 

interactions and provide a foundation for understanding the different interactions that 

affect the curve’s shape.  Analysis and interpretations will be derived from any divergence 

observed between experimental data and theoretical data.  

Utilizing equation 2.1, at small optical densities, the likelihood of self-attenuation 

is low, as the exponential term, 𝑒𝑒−𝜌𝜌𝜌𝜌𝜇𝜇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝐸𝐸) reduces to  𝑒𝑒0, which is 1, so a linear 

relationship is expected.  Additionally, it can be determined the maximum intensity value 

is proportional to the inverse of the total attenuation coefficient, 1
𝜇𝜇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

, by taking the 

derivative of equation 2.1 and equating it to zero.  Approaching optically thicker densities, 

self-attenuation plays a key role, and the intensity exponentially decreases. Figure 12 is 

annotated, to provide a clearer visual representation of how changes in cross sections 

affect the theoretical curves. 
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Figure 12: Theoretical Intensity Signal vs. Optical Density for 60 keV, 
annotated with cross section dependence. 

 

Photon cross sections, given by Figure 3, also provide a basis for understanding the trend 

of intensity peaks and the difference between the theoretical curves at different energies.  
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Figure 13: Theoretical curves for all energies for the Intensity vs. Optical 
Density Plots 

 

As depicted in Figure 13, cross sections exhibit energy dependence, which results in a 

leftward shift of the curves. The dominant interaction at lower energies is the photoelectric 

effect, which is the reason for the monotonic upward trend of the overall intensity signal 

as a function of energy at thicker optical densities. Also at lower energies, more photon 

interaction expected, and therefore more events of single scattering contributing to the 

signal. Conversely, at higher energies Compton scattering dominates and has a higher 

contribution to the signal. The energies, 40 keV, 60 keV, 80 keV, and 120 keV, were chosen 

because of detector limitations, but also because they fall within in the range of medically 
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relevant energies and before Compton scattering would dominate the coherent scattering 

signal.  

In terms of single scatter, the interaction can either contribute to the overall 

intensity signal or can escape. The likelihood of single scatter is higher in optically thicker 

materials and the energy dependence of single scattering events is a contributing role in 

the energetic trend of the theoretical intensity signals. Based on the understanding of the 

theoretical derivations, materials and methods were selected and developed to study the 

effects and contributions of photon interactions and to learn what may impact the ability 

to resolve an XRD signal of thicker objects.   
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3. Materials 

To carry out this study, some key factors needed to be considered when 

developing the experimental test bed: 

1. The X-ray source: A high-quality X-ray source is necessary to generate a pencil 

beam with the desired characteristics. The source should provide stable and 

consistent X-rays with a narrow spectral bandwidth and sufficient intensity. 

2. The detector: The choice of detector depends on the specific application and 

requirements of the experiment. A detector that is sensitive to the X-ray energy 

range and can provide high-resolution data is generally preferred. 

3. The object-to-detector distance: The distance between the object and the 

detector can affect the quality of the data obtained. In general, a larger distance 

can improve the resolution but reduce the intensity of the signal. 

4. Beam collimation: The beam must be properly collimated to obtain a pencil 

beam with the desired characteristics.  

5. Sample preparation: The preparation of the sample is crucial to obtaining 

accurate and reproducible results. The sample should be properly aligned and 

positioned relative to the beam, and any scattering from surrounding materials 

should be minimized. 
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6. Beam Block: A beam block is required to obstruct the primary beam to 

adequately a scatter signal which is not overwhelmed by the beam. 

7. Data analysis: After collecting the XRD data, appropriate data analysis 

techniques must be employed to extract meaningful information. This may 

involve fitting models to the data, correcting for background and comparing 

the results to theoretical predictions or previous experimental data. 

 In this section, I will describe the process of selecting the optimal positions and 

adjustments for the components in the system. I will also discuss the various methods I 

used to troubleshoot any issues that arose, and how these efforts ultimately led to the 

current configuration for the testbed. 

 

3.1 Testbed 

 The system features a lead-blocked primary beam. The primary beam is blocked 

to prevent it from reaching the detector and overwhelming the scattering signal from the 

sample being studied because the primary beam is much stronger than the scattered X-

rays. By blocking the primary beam with lead, only the scattered X-rays can reach the 

detector, which enables a more accurate and sensitive measurement of the XRD signal. 

The primary beam has been collimated to a width of 1 mm. The use of a pencil beam X-

ray configuration is a straightforward and valuable approach for investigating the XRD 



 

27 

 

properties of biological materials and phantoms. Figure 14 is an image of the XRD testbed 

that was built to examine biologically relevant phantoms. 

 

 

Figure 14:  XRD imaging system. (A.) KromekV2 Detector; (B.) Beam Stop; (C.) 
Illuminated Object; (D.) and (F.) Pinhole Collimators; (E.) and (G.) Anti-Scatter 

Collimators; (H.) X-Ray Source 

 

The collimators shape the beam and manipulate the field of view. The detector is 

placed approximately 800 mm away from the object to ensure accurate measurement of 

all angular scatter extents within the q-value range of 0.05 to 0.35 𝐴𝐴−1. This range was 

selected based on the q-peak of plastics around 0.1 𝐴𝐴−1 and the fact that biological tissue 

peaks typically fall into this range.  
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Figure 15: Side view of experimental testbed 

 

The schematic in Figure 15 shows a side view of the test bed, where the distances 

between the detector and target (800 mm) and the detector to source (1100 mm) are 

labeled.  

The center of the beam is located, so at least a quarter of the scatter ring is visible 

and different types of scatters contributing to the overall signal can be considered.  

Assuming scatter of biological tissue is azimuthally symmetric, we can image a quarter of 

the scatter ring and maintain the ability to properly identify uniquely different material 

signatures. The assumption scatter from biological tissue is azimuthally symmetric is 

founded on the idea biological tissue is composed of randomly oriented, irregularly 

shaped molecules and structures. When X-rays interact with the material, they are 

 800 mm 
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scattered in all directions due to the random orientation of the scattering centers. If the 

sample is homogenous and isotropic, this randomness leads to a symmetric scatter pattern 

around the sample. However, this assumption may not hold true for all types of biological 

tissue, and further investigations may be needed to verify the symmetry assumption in 

specific cases. 

 

3.2 Detector  

The D-matrix gamma ray imager developed by Kromek is a photon counting 

gamma detector with spectroscopic capabilities (shown in Figure 16). The detector 

features a 2 x 8 𝑚𝑚𝑚𝑚2 two-dimensional array of pixels, each with a pixel pitch of 2 x 2 mm².  

It has an energy resolution of 4.1 keV and a count threshold of 2000 counts/ pixel/ second.  

However, it is important to note that the use of larger pixels can lead to reduced resolution 

and lower signal-to-noise ratios when compared to smaller pixel sizes. Nevertheless, the 

detector enables energy independent and angle dispersive XRD measurements, which can 

be acquired in a very short time of 30 seconds for a single measurement. 

It should be taken into consideration that the detector is limited to a lower 

threshold of 40 keV, which may have implications for results processed at or below this 

energy range due to the detector's detection capabilities. As such, the study is confined to 

a range of energies that cannot go below 40 keV. 
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                              Figure 16: Image of Kromek Detector 

 

It is a solid-state detector made of cadmium zinc telluride (CZT). CZT operates at 

room temperature and has a very high-count rate capability. With its high resolution and 

efficient operation at room temperature, CZT detectors are valuable to the medical 

community. The detection of ionizing radiation in a CZT detector is based on the 

photoelectric effect, which converts incoming photons into electrical signals. The CZT 

detector uses a set of electrodes to detect the position of the incident radiation within the 

detector and convert the electrical signals into digital signals that can be recorded and 

analyzed. 
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3.3 X-Ray Source 

The high-energy X-ray tube known as the Comet MXR-225HP/11 (shown in Figure 

17) can produce up to 225 kV voltage and 11 mA current. In this study, the tube was 

operated at 160 keV and 8 mA, which falls within the general range of typical chest X-ray 

and extremity guidelines.   

 

  

 

 

 

 

 

 

The X-ray tube is designed with an 0.8 beryllium window to minimize the loss of 

intensity caused by characteristic X-ray absorption. The tungsten anode produces 60 keV 

characteristic X-rays in the X-ray spectrum, taking advantage of its high melting point to 

maintain the structural integrity of the system. Tungsten, being dense and having a large 

atomic number, results in the production of high-efficiency photons. The Comet source 

uses a water-cooled unipolar system that dissipates the significant amount of heat 

generated by the source. 

 Figure 17: COMET Generator 
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3.4 Phantom Design 
All phantoms are constructed with polylactic acid. Polylactic acid, (C3H4O2)n, 

also known as PLA. PLA is a thermoplastic polymer derived from cornstarch or sugar 

cane. PLA is produced by a direct condensation reaction of the monomer, lactic acid. 

Given its semicrystalline structure, the XRD signature is broad, which is representative of 

biological tissue. Figure 18 is the XRD signature of PLA. It has a peak value of q = 0.102 

𝐴𝐴−1 and serves as a ground truth for the experimental results.  

 

     

 

Figure 18: Momentum Transfer of 3-D printed 
PLA 
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Autodesk Fusion 360 was used to design the PLA phantoms utilized in this study, 

which were subsequently 3D printed. It is important to note the ability of the 3D printer 

to precisely infill materials at a 100 percent rate may constrain the PLA phantoms and 

results. 

To conduct research in a controlled and quantitative manner, two simple 

phantoms were developed. The narrow phantom (10 mm x 10 mm) is shown in Figure 19, 

and the wide phantom (50 mm x 50 mm) phantom is shown in Figure 20. 

 

 
Figure 19: PLA Phantom (10 mm x 10 mm) with varying thicknesses 

 

The size of the narrow phantom was selected to minimize multiple scattering 

and study the effects of self-attenuation and large q-scattering angles on the XRD signal 

and to further the understanding of photon interactions which may contribute to noise 

and the obstruction of the XRD signal. Ideally, the smaller phantom would be the size of 

the collimated beam, but it is difficult to align a 1mm x 1mm phantom, which would 

have a significant impact on the results. 
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Figure 20: PLA phantom (50 mm x 50 mm) with varying thicknesses 

 

The size of the wide phantom was chosen to maximize the effects of multiple 

scattering, compare the effects of small q-angle deflections and different scattering 

interactions which could contribute or obscure the XRD signal.  

The choice of length, width, and thickness was also guided by the dimensions of 

various body parts and tumors. Tumors come in different sizes, ranging from as small as 

1 mm to as large as 100 mm, comparable to a pea or a grapefruit. The size and extent of 

tumors is typically classified using the TNM system [23]. In this study, we utilized a range 

of thicknesses to represent different types of tissue samples and extremities. Table 1 

provides examples of these varying thicknesses.  
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Table 1:  Types of phantoms and affiliated thicknesses and tumor stages  

Thickness (mm) Phantom Type 
Up to 20 mm T1 Tumor 

Greater than 20 mm T2 Tumor 
Greater than 50 mm T3 Medium Tumor 
75 mm to 100 mm  
90 mm to 150 mm 
25 mm to 150 mm 

Ankle 
Shoulder 

Breast 
 

The relationship between cross-sections, energy, and density serves as a 

fundamental framework for constructing phantoms that can effectively capture various 

photon interactions at different energy levels, while also considering the impact of 

different geometrical features. Once the phantom is established, the next step is to 

characterize the system and develop an analytical approach for extracting the signals 

captured by the detector.  

 

 
 

 

 



 

36 

 

4. Experimental Methods 

This chapter will cover the development and characterization of my testbed, 

detector calibration, and analysis methods used to calculate the intensity signals of the 50 

mm x 50 mm and 10 mm x 10 mm phantoms. Following this, the experimental results will 

be presented, and accompanying graphs will be described. In the subsequent chapter, the 

key findings will be discussed, and a comparison between the theoretical and 

experimental results will be made. 

 

4.1 Characterizing System 

To achieve precise measurements, the alignment of the beam was verified, and the 

consistency of the source output was monitored over time. A transmission-based image 

was generated of the beam using a rad-icon detector at distances of 711.12 mm and 

1336.675 mm from the source. Normalized intensity plots were generated by plotting 

intensity versus position (in pixels) to produce line profiles. If the beam is correctly 

aligned, the two plots should be smooth curves and overlay one another. Figure 21 depicts 

a line profile of the horizontal and vertical beam at each location. 
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Figure 21: Horizontal and vertical line profiles of beam at a source to image 
distance of 711.mm and 1337.675 mm 

 

Although not perfectly aligned, the profiles exhibit a minor deviation of 0.02 mm 

in the vertical direction and a 0.027-degree shift when moving 625 mm in the z-direction. 

These discrepancies, while present, may be the result of large 100-micron pixels and are 

considered negligible for the scope of this study. 

The effectiveness of the testbed is also reliant on the source output. The source 

output was monitored every 10 minutes for a duration of 90 minutes, during which no 

discernible difference was detected. On average, data collection takes approximately 90 

minutes. However, if operating the source for over six hours, the output decreases by half, 

and as a result, the collected data must be modified accordingly. The source output is 
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measured both before and after the drop behind the beam block, producing a scale factor 

that can be employed to adjust the data as needed. 

 

4.1.1 Energy and Resolution Detector Calibration 

It is necessary to apply an energy calibration to a detector to ensure the measured 

signals accurately correspond to the energy of the detected particles or radiation. Detector 

response can vary depending on the energy of the detected particles, and as a result, the 

measured signals can be distorted if the detector is not calibrated. Applying an energy 

calibration enables the conversion of measured signals into the corresponding energy 

units, allowing for accurate measurements of the energy of the detected particles.  

This correlation allows for the precise quantitative analysis of diverse energy 

spectra obtained from data collected using a poly-energetic beam. For example, Figure 22 

depicts a scatter ring of Teflon acquired at 160 keV, whereas Figure 23 illustrates the same 

scatter data, but with only the 60 keV bin included. 
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Figure 22: Teflon Scatter Ring with a signal from all energies (0 to 160 keV) 

 

 

Figure 23: Teflon Scatter Signal at 60 keV 

 

The dark pixels are dead pixels and offer no contribution to the signal. To 

implement the calibration process, two sources emitting known energies within the 

region of interest (30 keV to 120 keV) were utilized.   

The energy and corresponding channel number are approximately linearly 

related, as shown by the following equation: 

 

                            𝑦𝑦 = 𝑚𝑚𝑚𝑚 + 𝑏𝑏         (4.1) 
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where, y is the gamma ray energy, x is the channel number for the center of the peak 

corresponding to y. The variables m and b are constants determined during calibration. m 

is the slope of the linear relationship between energy and channel number, also known as 

the gain factor, representing the calibration factor and b represents the offset or zero-point 

energy. The offset accounts for any baseline shift or inherent noise in the detector signal 

and considers the minimum detectable energy. The offset reflects the energy of the gamma 

rays emitted by a sample, even at very low energies. 

To calibrate the detector, an Am-241 and Co-57 source were positioned in front of 

the detector, and the counts were recorded as an image. Using MATLAB, a gaussian fit 

was performed for each pixel to generate a photopeak for Am-241 and Co-57, an example 

of a gaussian fit is shown in Figure 24.  After fitting the Gaussian curve to each peak in 

the spectrum, the channel number corresponding to the centroid of each peak is 
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determined. The centroid represents the peak's center and provides a more accurate 

estimate of its location than the maximum. 

 

                       

Figure 24: Example of a gaussian fit of intensities es in each channel for Co-57 

 

Co-57 has a photopeak of 122 keV, while the photopeak of Americium-241 is 59.6 

keV. The channel numbers and the corresponding known energies are then used to 

generate a linear regression line.  A linear fit for a single pixel is represented in Figure 

25.  
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Figure 25: Linear fit for a single pixel 

 

The variation of the slope from pixel to pixel determines detector uniformity, while the 

slope of the fit determines detector responsivity. The quality of the fit determines the 

detector linearity. 

 

4.1.2 Flatfield Calibration 

The purpose of a flatfield correction is to enhance image quality by eliminating the 

impact of pixel-to-pixel sensitivity. Due to variations in detector materials and 

manufacturing processes, some pixels may be more sensitive than others. This correction 
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is implemented by dividing the raw data with the flatfield data. To uniformly illuminate 

the detector, a Cobalt-57 source was positioned 600 mm in front of the detector (as 

depicted in Figure 26) for obtaining the flatfield data. 

 

 

 

 

The image in Figure 27 displays the raw counts obtained from Co-57, the color bar 

represents the count values per pixel. 

 

Figure 27: Co-57 raw data with a color bar defining the number of counts in 
each pixel. 

 

Figure 26: The cobolt-57 source is placed in front of the detector 
to evenly illuminate the interface and account for non-uniform spatial 

responsivity. 
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Figure 28 is an image of the raw data counts collected with no source, but with the 

detector on in its current environment.  

          

Figure 28: Uncorrected Background Data with no source placed in front of 
detector. 

 

 

Figure 29: Histogram representing distribution of counts in pixels for Co-57 
data collection. 
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  Figure 29 is a distribution of the relative counts in the given pixels displayed as 

a histogram. There is clearly not a uniform distribution of counts across the pixels, with a 

lot of variation between 300 and 450 counts.  Figure 30 is an image of the raw data counts 

of the background noise with the flatfield applied during data analysis.  

 

 

Figure 30: Detector noise in testbed environment with flatfield 

 

 

Figure 31: Histogram of background noise distributed per pixel after applying 
flatfield. 
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Figure 31 is a histogram of the background noise distributed per pixel after 

applying the flatfield. The distribution appears to be very similar to Figure 29, however 

count intensity has been minimized and the standard deviation between different pixel 

intensities has also decreased by a factor of 100. 

 

4.2 Experimental Intensity Calculations 

Experimental data was analyzed in MATLAB. It starts by defining various 

parameters such as pixel size, position of the direct beam, detector geometry, X-ray 

energy, and wavelength. After initializing and setting up the data into an array containing 

the raw count data, the next step involves transforming it from the Euclidean space to 

polar coordinates. This enables the extraction of pixel intensities from the data. 

The code then computes the q-vector for each pixel and extracts the intensities 

corresponding to a desired range of q values. It computes the sum of the intensity at each 

q value. The code then plots the intensity vs. q graphs for the specified range of q values. 

Overall, this code is used to analyze the diffraction patterns and extract useful information 

from the X-ray data. Error bars were calculated based on the difference in intensity values 

over multiple data sets of data.  
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The curves generated from the experimental data are not specific to the coherent 

scatter ring, or the XRD peak, shown between the blue arrows in Figure 32, but rather the 

entire scatter signal, from q= 0.0 to q= 0.5 𝐴𝐴−1.    

 

Figure 32: XRD peak of PLA at 60 keV. The blue arrows refer to the signal 
corresponding to the signal within a specified scatter ring.  

 

The scatter signal in the radius was particularly noisy, which could potentially be 

attributed to imperfect flat fielding. Additionally, accurately capturing the coherent 

scatter signal in the scatter ring became increasingly challenging at higher thicknesses, as 

the radius of the ring changes. To conduct a fundamental analysis of all photon 

interactions in optically thick materials, it was essential to recognize and comprehend all 

the factors contributing to the overall signal which could potentially impact the ability to 

distinguish an XRD signature of a material.  
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5. Results  

In this section, I will display the results of the theoretical intensity calculations 

relative to the experimental calculations for each phantom and observe key differences in 

the trend of the theoretical and experimental curves. In the next chapter, interpretations 

will be made based on any deviations between the theoretical and experimental data. 

Comparing theoretical and experimental results can help us gain insight into the 

underlying physical processes that are occurring in the system. 

 

5.1 Results for the 10 mm x 10 mm Phantom  

The deviation between the theoretical curve and the experimental curve is greatest 

for the optically thinnest and optically thickest materials. Figure 33 displays the 

experimental curves and theoretical curves at 40 keV (top right), 60 keV (top left), 80 keV 

(bottom right), and 120 keV (bottom left). The theoretical curve, depicted by the blue line 

and discussed in chapter 2, is compared to the experimental curve, represented by the 

orange line. The error bars are calculated based on the differences between the intensity 

signals at each optical thickness.  
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Figure 33: Intensity of scatter signal vs. Optical Density plots of Experimental 
and Theoretical data for 10 mm x 10 mm at varying thicknesses (a.) 40 to 45 keV (b.) 

57.5 to 62.5 keV (c.) 77.5 to 82.5 keV (d.)  117.5 to 122.5 keV. The orange line represents 
the theoretical data, and the blue line represents the experimental data. 

 

Notably, the discrepancy between the two curves is most pronounced at lower 

energies, as shown in Figure 33a and Figure 33b. The experimental and theoretical curves 

for all energies are illustrated in Figure 34a and Figure 34b, respectively. 
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Figure 34:  Comparison of scatter signal strength of 10 mm x 10 mm phantom at 

varying optical densities for (a.) Experimental data and (b.) Theoretical data at all 
energies 

 

The four curves in different colors correspond to different energy ranges: the blue 

curve represents the 40 to 45 keV signal, the red curve represents 57.5 to 62.5 keV, the 

yellow curve represents 77.5 to 82.5 keV, and the purple curve represents 117 to 122.5 keV. 

As expected, the 40 to 45 keV curve exhibits the highest signal and is shifted the furthest 

to the left, but its signal decreases at thicker optical densities. 

 

5.2 Results for the 50 mm x 50 mm Phantom 

Figure 35 shows a comparison between the theoretical and experimental curves 

for the wider phantom, which measures 50 mm x 50 mm. The comparison reveals similar 

discrepancies as those observed in the narrow phantom between the theoretical and 

b. a. 
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experimental curves with respect to optical densities. However, the reasoning behind 

these discrepancies may be different. 

 
Figure 35: Intensity of scatter signal vs. Optical Density plots of experimental 

and theoretical data for 50 mm x 50 mm at varying thicknesses (a.) 40 to 45 keV (b.) 
57.5 to 62.5 keV (c.) 77.5 to 82.5 keV (d.)  117.5 to 120 keV. The orange line represents 

the theoretical data, and the blue line represents the experimental data. 

 

The error bars are the difference between the summed intensity signal at a given 

optical density.  
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Figure 36: Side-by-side comparison between all energies of the (a.) 
experimental data and (b) theoretical data for the 50 x 50 mm phantom. 

 

A comparative view of the experimental and theoretical curves for the wide 

phantom highlight’s significant divergences in their trends. Specifically, in optically thin 

materials, the experimental data exhibits a smaller discrepancy between the signals at 

different energies compared to what the theoretical model had predicted. Moreover, the 

slopes of the experimental curves in the optically thick region are less steep than what the 

theoretical calculation suggests.  

 

 

 

a. b. 
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5.3 Experimental Narrow and Wide Phantom Results 

 Figure 37 is a comparison between the results of the narrow and wide phantoms 

for a given energy, plotted together. The orange line represents the signal of the narrow 

(10 x 10 mm) phantom and the blue line represents the signal of the wide phantom (50 

mm x 50 mm) phantom. Figure 37a is data collected at 40 to 45 keV, Figure 37b is data 

collected at 57.5 to 62.5 keV, Figure 37c is data collected at 77.5 to 82.5 keV, and Figure 

37d is data collected at 117.5 to 122.5 keV.  

 

Figure 37: Comparison of scatter signal at different optical densities between 
the wider phantom (blue) and narrow phantom (orange) at different energies, (a.) 40 

to 45 keV (b.) 57.5 to 62.5 keV (c.) 77.5 to 82.5 keV (d.) 117.5 to 122.5 keV.  
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At low optical densities, the signal intensities of the narrow and wide phantoms 

are quite similar, displaying the same highest intensity peak at a given energy. However, 

as the optical density increases, the signals of the phantoms begin to differ noticeably, 

with the narrow phantom producing a brighter signal compared to the wider phantom. 

Chapter 6 will delve into the key inferences made between the experimental data 

and theoretical data of the narrow phantom. 
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6. Discussion 

Equation 2.1 serves as a fundamental guideline, as discussed in chapter 2, based 

on cross sections, given in Figure 3 and Figure 10. The attenuation of the signal in equation 

2.1 is described by Beer’s law. As light propagates through a certain amount of material, 

it undergoes attenuation due to absorption and scattering by the material. Therefore, an 

understanding of the relationships between absorption, scattering, energy, and thickness 

can be gained, as demonstrated in Figure 12 and Figure 13. 

 However, while equation 2.1 can be a useful tool for describing the absorption of 

light in materials, and single scattering, it is limited by its ability to account for multiple 

scattering events, attenuation, and other photon interactions which occur in 3-D 

volumetric objects.  This study aims to investigate the applicability of the theory in 

describing light-matter interactions in thinner objects and to determine the point at which 

physical interactions become too complex, requiring more experimental studies. 

Additionally, the study utilizes the ability to construct phantoms and general knowledge 

of photon cross sections and interactions to provide a fundamental understanding of how 

various interactions may contribute to extracting a useful XRD signature from thicker 

tissues.  
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6.1 Exploring Discrepancies in Thinner Optical Density Materials    
Across Phantom Varieties  

Cross sections are used to measure the likelihood of photon interactions with a 

material.  A material with a higher cross section indicates a higher probability of 

interaction between photons and particles in the medium. These interactions can affect 

the entire scatter signal in various ways, such as contributing to the XRD signal, 

introducing noise, or attenuating the signal, 

The theoretical curves in Figure 34b demonstrate the linear relationship between 

the attenuation of a signal and the propagation of light in thin materials. The scatter signal 

is observed to be highest at 40 keV and lowest at 120 keV due to the increased interaction 

between photons at lower energies, resulting in a higher probability of elastic and inelastic 

scattering events. The scatter signal for both narrow and wide phantoms in Figure 35 

displays a linear trend in the optically thin regime. The maximum signal is seen at 60 keV, 

which is consistent with the emission of 60 keV characteristic photons from the tungsten 

anode. The narrow phantom exhibits a higher scatter signal than the wider phantom due 

to its smaller cross section. This results in a lower likelihood of a scattering event occurring 

in the narrow phantom as compared to the wide phantom. 

The theory provides a reasonable baseline for both the narrow and wide 

phantoms, but it tends to overestimate the attenuation of the signal and predict more 

single scatter events. 
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6.2 Exploring Discrepancies in Thicker Optical Density Materials    
Across Phantom Varieties 

For optically thicker materials, the theoretical curves depicted in Figure 36b 

indicate that Compton scattering, attenuation, and single scattering events have a notable 

effect on the intensity of the scatter signal. As the energy of photons increases, the 

probability of their interaction with the medium decreases, resulting in lower signal 

attenuation. This pattern is observed consistently across all theoretical and experimental 

results, highlighting that the scattering signal is less attenuated at higher photon energies. 

The experimental curves for the narrow and wide phantoms exhibit a significant 

deviation from the corresponding theoretical curve in optically thicker materials. As 

depicted in Figure 33, the scatter signal for the narrow phantom surpasses the theoretical 

curve, indicating that other factors, such as multiple and signal scattering events, and 

other photon interactions may be contributing to the observed signal. This deviation is 

also evident when comparing the scatter signal of the narrow phantom to that of the wide 

phantom, as shown in Figure 37. It is important to consider the potential impact of these 

other factors when interpreting the experimental results. 

As mentioned previously, the theory does not consider the length or width of the 

material. Therefore, in the wider phantom, there is an expectation of more multiple 

scattering events due to the increased amount of material to interact with. The dimensions 

of the wider phantom also result in less scatter escaping the phantom, leading to the 
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attenuation of the overall signal. Multiple scattering in the wider phantom will also result 

in the scattering of small q-angles, which may contribute to the XRD signal. However, 

multiple scattering can also generate noise, but this analysis does not allow differentiation 

between types of scatter.  

At higher optical densities, the scatter signal attributed to the narrow phantom at 

is observed to be greater than expected. This is because the narrow phantom contains less 

material to interact with. This is because the narrow phantom contains less material for 

the light to interact with, resulting in less self-attenuation. Additionally, due to its smaller 

size, the narrow phantom has a lower probability of multiple scattering events. However, 

it has a higher probability of single scattering, in which the scattered light is likely to 

escape the phantom. This type of scatter can contribute to noise at large enough angles. 

Overall, these observations suggest that the theory is limited in its ability to fully account 

for the complex interactions between photons and 3-dimensional objects, particularly at 

higher optical densities.  

Compton scattering is highest at the lower photon energy (40 to 45 keV) than the 

highest photon energy (117.5 to 122.5 keV) explored in this study. The theory also only 

considers the Compton cross section in terms of a 1-Dimensional object and not as 3-D 

object. This interaction also contributes to the fact that the greatest discrepancies between 

the theory and experimental scatter signal for both phantoms occur at the lower energies 
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and at optically thicker densities. Furthermore, this discrepancy is also greatest at lower 

energies between the narrow and wide phantom (Figure 38a and Figure 38b) because 

there is less Compton scattering in the narrow phantom than the wide phantom.  

 

6.3 Limitations 

In any experimental analysis, it is important to acknowledge limitations. As 

previously addressed, the experimental scatter signal studied is not specific to the 

coherent scatter signal, but the entire scatter signal. However, by studying the entire 

scatter signal, a better understanding of the different types of scatter which exists at 

different energies and geometries could be done. However, a comprehensive analysis of 

the entire scatter signal can provide a better understanding of the different types of scatter 

that exist at different energies and geometries. This study also cannot determine the origin 

or type of scatter, which impacts the ability to distinguish if the scatter is noise or is 

contributing to the coherent scatter signal.  

In terms of the system, the 2 mm pixels of the detector may impact resolution and 

signal-to-noise ratio calculations. The detector has a lower limit of 40 keV, which means 

data collected at or around 40 keV is not fully reliable. The phantoms are 3-D printed, and 

the accuracy of the infill is limited by the machine’s ability. Results may be impacted by 
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air gaps between the pieces of the phantom, but also imperfect alignment of the phantom 

with the center of the beam and air gaps between the stacked pieces. 
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7. Conclusion  

This study aimed to investigate the applicability of equation 2.1 in describing light-

matter interactions in thinner objects and to determine the point at which physical 

interactions become too complex, requiring more experimental studies. However, this 

theory has limitations in its ability to account for multiple scattering events, attenuation, 

and other photon interactions in 3-D volumetric objects The results demonstrate that the 

theory provides a solid foundation for understanding the significant interactions that may 

affect the signal at thinner optical densities. In terms of ex-vivo studies, XRD imaging of 

thicker specimens, up to at least 3 cm, is possible. However, more studies are necessary to 

explore in-vivo mammography applications.  

Conducting applied experiments would be an invaluable tool to expand our 

knowledge in future endeavors. A second experiment building upon previous MCGPU 

studies on target sensitivities would be relevant. Additionally, developing new metrics to 

evaluate whether a target signal can be distinguished from the thicker material 

surrounding it would be valuable, as this could provide a deeper understanding of the 

underlying processes at play. 
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